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The  long-term  integrity  of  marine  structures  depends  heavily  on  the  inherent  resistance  of 
the  structural  material  to  the  initiation  and  propagation  of  cracks  in  the  seawater  environment. 
In  military  structures,  applied  loads  are  very  complex  and  the  design  models  and  laboratory 
verification  experiments  are  correspondingly  complex;  however  the  utility  of  materials  for  many 
applications  is  decided  by  the  simple  characterization  of  the  stress-corrosion-cracking  sensitivity 
in  terms  of  the  linear-elastic  threshold  stress  intensity  . Because  this  parameter  is  impor- 
tant in  selecting  materials  and  designing  marine  structures,  it  is  necessary  to  formulate  a 
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standard  method  of  lest  to  insure  uniformity  of  test  results.  This  report  is  concerned  with  the 
cantilever  method  for  determining  for  metallic  materials. 
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STANDAIll)  MKTHOl)  OF  TFST  FOR  PLANK-STRAIN 
S'rRKSS-CORROSION-('RA('KlNG  RKSISTANCK  OF 
MKIALUC  MATKRIAI.S 


INTRODUCTION 

The  usi'  of  hit'h-stn'iit'th  mutt-rials  in  niodfrn  naval  striii  lurcs  to  attain  higlu-r  k'V(‘ls  of 
[HTformanvc  rccinirfs  aj'plivation  of  tho  host  availal)lo  tochnolouy  for  dcalin}'  with  cxpcctod 
problems,  A sharp  dc'clinc  of  fracture  nesistanec  with  inereasintj  yield  streiiftth  is  a phe- 
nomenon that  has  lieen  known  for  many  years;  recently  it  has  iteeome  apjtart'nt  that  in- 
creasing yield  stri'iigth  also  larries  the  penalty  of  rapidly  increasing  sensitivity  to  track 
propagation  by  saltwater  stress-corrosion  i-racking  ( StT),  sustained-load  cracking  (SLC), 
and  fatigue  and  corrosion-fatigue  crack  growth.  Materials  that  are  transitional  with  respect 
to  crack  growth  are  lieing  used  in  critical  components  of  prototype  and  fleet  ships;  the 
long-term  reliabi'ity  of  these  and  other  structures  di'pends  almost  entirely  on  the  resistance 
to  crack  growth  inherent  to  the  ntalenal. 

Heeause  the  cicleterious  effivts  of  accelerated  i-rack  growth  in  stru(.’tun“s  designed  to 
carry  high  stresses  for  extended  lifetimes  are  the  dominant  factors  defining  lifi'time  integ- 
rity of  marine  structures,  an  organized  approach  to  designing  reliability  into  the  [iroduct 
from  the  beginning  is  an  essential  first  step  toward  preventing  long-term  maintimance  pro- 
blems. 'I'he  evolving  methodology  for  this  purpo.si-  is  calk'd  structural  integrity  (SI)  tech- 
nology; SI  ti'chnology  deals  with  all  phtises  of  crack  (irofiagation  and  fractiiri',  th(>  char- 
acterization of  material  properties  formulation  of  crack  growth  laws,  design  use  of  this 
information,  and  life-cycle  monitoring  of  critical  components  and  structures.  lmpk*men- 
tation  of  SI  technology  as  a contract  obligation  in  .Navy  hardwarc'-actiuisition  projects  is 
a present  course  of  action,  following  the  aiiproach  taken  by  the  ,\ir  Force. 

The  present  test  methods  for  defining  the  (iropi'rties  of  materials  related  to  ,S(’U  ini- 
tiation and  growth  were  foundc'd  by  Brown  |1)  at  NRL.  His  ik'velopment  of  the  canti- 
lever test  was  the  first  application  of  linear  elastic  fracture  mi'chanics  to  characterize  the 
thre.sliold  level  of  stress  intensity  K above  which  .S(’('  could  be  shown  to  occur.  Suh- 
seciuent  work  resulted  in  other  test  spi'cimen  configurations  and  concepts  to  measure  the 
[larameter  |2.,dl , massive  characterization  of  materials  suspected  of  being  .sensitive 
to  ada[)tion  of  the  Ratio  .-^nalysis  Diagram  (R.AD)  for  combined  analysis  of  ,SCC  and 
fracture  jirofierties  | -l-7],  and  efforts  devoted  to  verifying  the  significance  of  the 
(larameter  and  the  structural  analyst's  derived  from  it. 

The  technology  has  developed  to  the  point  where  standardization  of  the  test  method 
has  become  es.sential;  the  (irimary  impetus  for  this  is  the'  mandatory  use  of  the 
(larameter  in  hardware  design  by  Navy  contractors.  There  is  an  effort  in  .-\STM  to  stand- 
ardize methods  for  measurement  of  K|.,pp  ; however  it  will  be  some  time  before  the 
practice  attains  the  status  of  a full  AST.M  Standard.  F’or  Navy  (lurposes  the  cantilever 
test  s(iecimen  offers  advantages  that  outweigh  other  factors,  [larticularly  for  transitional 
typ«‘  materials;  the  primary  reason  is  the  positive'  identification  of  crack  propagation  in 
test  specimens.  Since'  the  cantik'ver  metheiel  is  |ir('ferred,  a standard  me'thoel  eif  U'st  has 
been  elraftt'd  along  the  lines  of  ASTM  stanelarels  previously  publisheel  for  fracture. 


Noiu:  M.'inusrript  siihmiU«(J  •i;ii(iiHry  2.'{,  I97r>. 
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1.  SCOPE 

This  method  covers  the  determination  of  the  plane-strain  stress-corrosion-cracking 
(SCO  resistance  of  metallic  materials  by  a cantilever  bend  U»st  of  a notched  and  fatigue- 
cracked  specimen  having  a thickness  of  0.25  in.  or  greater. 


2.  .APPLICABLE  DOCUMENTS 

Ref.  A:  Standard  Method  of  Test  for  Plane-Strain  Fracture  Toughness  of  Metallic 
Materials,  ASTM  Standard  E399-72,  Annual  Book  of  ASTM  Standards, 
Part  31,  July  1972,  p.  955. 


3.  SUMMARY  OF  METHOD 

The  method  involves  cantilever  loading  of  fatigue-cracked  bend  specimens  to  deter- 
mine the  threshold  stress  intensity  for  the  onset  of  SCC.  A bracketing  technique  using 
measured  values  of  stress  intensity  (Kj)  for  conditions  of  “crack  growth”  (Kj^)  and  “no- 
crack growth”  (Ki„^.g)  is  used  to  find  the  threshold  stress-intensity  level,  Values  of 

Kj  are  calculated  from  existing  equations  defining  the  elastic-stress  analysis  for  the  canti- 
lever specimen.  Similarities  of  SCC  tests  with  fracture  toughness  tests  have  resulted  in 
referencing  of  sections  of  Ref.  A,  particularly  those  pertaining  to  preparation  of  the  test 
specimen.  Because  of  complexities  in  using  the  technology  developed  for  fracture  to 
define  crack-growth  phenomena,  requirements  for  establishing  the  presence  of  environ- 
mental crack  growth  on  the  test  specimen  and  tests  of  specimens  in  an  inert  environment 
are  included  in  the  specification. 


4.  SIGNIFICANCE 

4.1  The  property  determined  by  this  method  characterizes  the  resistance  of  a 
material  to  crack  growth  due  to  combined  effects  of  applied  stress  intensity  and  an  ag- 
gressive environment.  SCC  is  detrimental  to  the  performance  of  all  structures  in  that  it 
can  lead  to  fracture  or  can  cause  severe  inspection,  repair,  and  maintenance  problems  in 
structures  that  must  operate  in  aggressive  environments.  The  parameter  K^^pc  provides 

a means  of  analyzing  the  frack  growth  in  quantitative  terms,  based  on  existing  fracture 
mechanics  technology. 

4.2  The  plane-strain  Kj^^pp  value  is  a property  of  the  material  that  must  be  determined 
under  controlled  laboratory  conditions  to  insure  uniformity  of  test  results.  Application 
of  te.st  results  to  a design  problem  must  be  made  with  an  awareness  of  differences  in 
laboratory  procedures  and  field  conditions  that  often  are  not  expressed  in  exact  terms. 

It  is  noted  that  Kj^pp  defines  only  the  threshold  of  stress  intensity  for  initiation  of  SCC 
from  a preexisting  crack.  The  test  conditions  used  to  define  Kj^pp  are  such  that  crack 
growth  may  be  expected  at  applied  Kj  levels  above  Kj^pp,  but  crack  growth  below  Kj^pp 
at  times  longer  than  the  test  duration  is  not  ruled  out. 


4.3  'I'he  advantages  of  cantilever-bend  tests  are  the  use  of  inexpensive  test  equipment 
for  long-time  tests  and  the  increasing  K field  with  crack  growth  that  provides  positive 
evidence  of  SCC  initiation. 
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5.  DKFINH'IONS 

,),1  Stress-uitfiisity  faclor  (K[)  is  a tiii'asurc  of  the  strcss-fii'ld  intensity  near  the 
tip  of  an  iil(*al  eraek  in  a linear  elastic  meilium  when  ileformeci  so  that  the  crack  faces  are 
displaced  apart,  normal  to  the  <-rack  plane  (openin}^  mode  or  mode  I defcjrmation I.  K|  is 
directly  proportional  to  applied  loatl  and  depcmds  on  specimen  ^'eometry. 

5.2  Stress-corrosion  crackini>  tSCC)  is  the  {growth  of  a iTack  hy  any  micromei-hanism 
line  to  the  combined  effect  of  stress  and  an  annressiv<-  environment. 

5.2  see  threshold  stn'ss  intensity  ) is  the  material  resistance  to  crack  growth 

measured  in  terms  of  tlu-  plane-strain  stress  inttmsity  factor  Kj  by  the  operational  proce- 
dure specified  in  this  test  method. 

5.31  In  this  method  measurement  of  is  based  on  the  combination  of  the  lowest 

applit'd  level  of  stress  intensity  at  which  sittnificanl  measurable  crack  growth  occurs  and 
the  highest  applied  levi'l  at  which  no  crack  growth  occurs  for  a specified  time  period.  Sig- 
nificant crack  growth  must  be  demon.stniled  to  be  due  to  environmental  effects,  either  by 
microscope  analysis  or  by  testing  of  a i-ontrol  specimen  by  the  .same  procedures  in  an  in- 
nocuous environment.  In  many  cases  plane-strain  K]  values  may  be  measured  to  comply 
with  all  reiiuirements  exicfit  that  of  crack  growth;  such  results  are  not  attributable  to 
environmental  effects  and  art*  thus  not  defined  as  • 


6.  APPARATUS 

6.1  The  procedure  involves  testing  of  fatigue  precracked  specimens  by  deadweight- 
loatled  or  by  hydraulically  loaded  cantilever  test  machines.  The  required  measurements 
are  load  and  time  to  final  failure  of  the  .spt'cimen. 

6.2  .Any  stable  test  machine  capable  of  withstanding  the  required  applied  loads  can 
be  used  for  cantilever  tests.  The  load  arm  should  b<>  sufficiently  stiff  that  deft'clions  due 
to  load  do  not  cause  significant  deviation  of  the  applied  lo  'd  from  the  normal  to  the  test 
section,  i.e.,  that  the  moment  calculated  as  force  times  distance  is  not  significantly  in 
error  due  to  arm  deflection. 

6.3  Some  means  should  be  «*mployed  to  determine  whether  crack  growth  is  taking 
place  during  the  test.  Two  methods  are  suggested:  a standard  beam-type  clip  gage  as 
described  in  Ref.  A and  a simple  dial  gage  to  monitor  displacement  of  the  arm.  Both  of 
the.se  methods  provide  indications  of  the  crack  opc'ning  as.sociated  with  crack  growth. 


7.  .SPECIMKN  CONFIGURATIONS,  DIMENSIONS,  AND 
PREPARATION 

Spec  imen  size  and  preparation  specifications  shall  meet  the  requirements  of  Ref.  A, 
paragraph  7,  that  pertain  to  bend  spi*cimens. 
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8.  PROCKDl’RE 

8.1  I'ho  miinlH  i'  of  tests  is  that  required  to  define  , as  d<>scril)ed  in  |)ara!'raph  9 

8.2  .All  specimen  dimensions,  tolerances,  and  methods  of  measurements  shall  be  de- 
fined in  Kef.  A.  paragraph  8.2. 

8.3  To  initiate  a test,  set  up  the  U>st  rack  or  machine  so  that  the  fixed  end  of  the 
specimen  is  clamped  securely  and  the  extension  arm  will  be  horizontal  at  the  expected 
load.  Apply,  the  test  environment  to  the  spc'cimen  before  th(>  load  is  applied.  Load  the 
specimen  such  that  the  rate  of  stress-inten.sity  increase  is  within  the  range  of  30,000  to 
150,000  ps\/in^.  per  minute.  In  the  cas<‘  of  deadweight  loading  the  load  should  be  applied 
by  lowering  the  load  pan  by  means  of  a hydraulic  jack  or  crane,  etc.,  rather  than  by  step 
increases. 

8.1  Continue  the  test  until  the  .specimen  fractures  or  until  it  becomes  apparent 
that  crack  growth  is  not  pre.sent.  If  the  crack  is  not  growing,  the  Kj  value  calculated 
from  the  initial  loading  can  be  used  as  a K|„q,  point.  Because  of  effects  of  plastic  flow 
and  general  corrosion  to  blunt  the  fatigue  crack,  subsequent  loading  of  the  specimen  can- 
not be  us<'d  to  calculate  points.  Although  the  Kj  values  calculated  from  load  in- 

crements applied  subsequent  to  the  initial  loading  cannot  be  reported  as  valid  data  points, 
they  may  be  useful  in  liracketing  the  value. 


9.  CALCULATION  AND  INTERPRETATIONS  OF  RESULTS 


9.1  For  determination  of  with  the  cantilever  specimen  configuration,  it  is 
necessary  to  measure  the  sjiecimen  dimensions  as  outlined  in  section  8.  Using  these 
dimensions,  calculate  an  ai>plied  K[  by  the  equation 


4.12  M 

K,  = 

BW> 

where 


a = 1 a/W, 

M = applied  moment  (in. -lb), 

B = thii-kness  of  specimen  (in.), 

\V  = depth  of  specimen  (in.), 

a = depth  of  machined  notch  plus  fatigue  crack  (in.). 

Side  grooves  or  face  notches  may  be  employed  to  maintain  a straight  crack  front  during 
fatique  precracking.  The  depth  of  each  .side  groove  is  limited  to  5%  of  the  specimen 
thickne.ss,  or  10/f  total  reduction  of  specimen  width.  To  correct  for  side  grooves,  multi- 
ply the  applied  K determined  from  the  above  equation  using  the  full  specimen  width 
(neglecting  side  grooves)  by  (B/Bp)'^,  where  Bp  is  thickness  of  specimen  minus  depth 
of  side  grooves.  Check  the  applied  Kj  for  validity  according  to  the  dimensional  criteria 
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a,  B > 2.5  (K,  . 

riu*  ri'sults  that  are  usetl  lo  (.toU'rn^ine  must  meet  this  anti  the  followinu  rcciuircmcnts 

• l^liuu  tlios<>  determiiu'd  from  the  first  application  of 

load  on  the  specimen. 

• P<-)i>ds  are  thost'  determined  from  the  first  or  second 
ai)plic'ation  of  load. 

• Th(‘  minimum  time  for  a point  .shall  he  1,5  times  the 

ma.ximum  time  measured  for  c<)mplete  specimen  fracture  in  a 
valid  Kjpj,  point,  or  100  hours  for  titanium  and  1000  hours 
for  steel,  whichever  is  hifjher. 

• The  maximum  difference  of  K|,j^.^.  hetweem  the  highest 

point  and  the  lowest  point  shall  he  10'";  of  the  averaste: 

Kiev  K,„^  < 0.10  <K|e^  f Ki„,.^  ) 

2 

• shall  l)e  the  average  of  the  hif;h(>st  point  and  th(' 

lowest  K|,.y  point  del<-rmin<*(l  as  al)ove. 

9.2.  .Sut's'ested  experimental  proce-dures. 

9.2.1  Bracketint.  method  for  short-time  tests. 

1.  Determine  the  tensile  yield  .strength  and  (if  possible)  the  fracture  resistance 

(K(<.  or  Dynamic  ’I'(>ar  test  energy)  of  the  test  mat(?rial.  From  th(>  al>ove  information, 
estimate  the  expected  value, 

2.  From  preliminary  measurement  of  the  specim(>n  dimensions  cali  ulat(‘d  the 

load  necessary  to  give  an  applied  Kj  e(|ual  to  the  e.stimated  K|^f.j..  Load  the  sp<'cim(>n  and 
maintain  the  load  for  the  minimum  time  to  get  a data  point. 

3.  If  crack  growth  is  oh.served  on  the  first  specimen,  calculate  the  Kj,^  value. 

Repeat  step  2 for  a new  s[)ecimen  at  a lo  ver  estimated  value. 

■1.  If  no  crack  growth  is  observed  during  the  initial  loading  period,  iniTease  the 
load  to  a Kj  value  approximately  20'^  higher  and  maintain  the  load  at  this  level  for  the 
minimum  time  period. 

5.  If  no  crack  growth  occurs  in  this  time  period,  repeat  step  4.  If  th('  .specimi'n 
should  evidence  crack  growth,  allow  the  crack  to  grow  until  complete  failure  of  the  speci- 
men. 


6.  P'or  suh.s*‘f|uent  specimens  the  initial  K]  .should  he  the  average  of  the  highest 

K !nru  PO'*!*  the  lowest  Kj^,  point.  By  repeating  the  [iroce.ss  the'  difference  should 
quickly  narrow  to  a valirl  value. 

7.  The  final  value  is  tlefined  as  the  average  of  the  highest  point 

and  the  lowest  Kip„  point. 


9.2.2  Bracketing  method  for  long-time  tests. 


1.  When  long  runout  times  are  expected,  it  is  advantageous  to  simultaneously 
test  a stories  of  specimens  at  different  values  of  initial  applied  Kj  to  bracket  K . For 
exan^le  a series  of  eight  specimens  loaded  at  10-ksi\/irr.  increments  from  20  to  100 
ksi\/m-  might  be  used  to  locate  the  range  of  K|j.j.p  to  within  10  ksiv'Tm  on  the  first  series 
of  tests.  Tests  of  additional  specimens  for  more  accurate  definition  of  he 

necessary.  It  is  cautioned  that  effects  of  incubation  in  many  steels  might  lead  to  long- 
term runout  values;  therefore  the  experiments  should  not  be  terminated  too  quickly  from 
results  indicating  early  crack  growth  at  the  higher  values  of  applied  K. 

9.3  Paragraph  9.7  of  Ref.  ,\  .shall  be  used  to  describe  crack-plane  orientation  in 
bend  specimens. 


10.  REPORT 

The  report  shall  include  the  following  for  each  specimen  tested: 
Thickness  B, 

Depth  W, 

(^ack  length  measurements. 

Fatigue  precracking  conditions  including 
.Maximum  stress  intensity  K, 

Number  of  cycles  for  terminal  fatigue  cracking, 

Stre.ss  intensity  for  terminal  crack  extension. 

Composition  of  environment. 

Test  time. 

Load  history. 

Crack  plane  (orientation. 

Fracture  appearance,  including  evidence  of  crack  growth, 
Yield  .strength  (0.29?  off.set), 

K and/or  , 

C'alculation  for  validity  acctording  to  .specimen  dimensions. 


6 


1 


NHL  KEl'OKT  7865 
RKFERENCES 


1.  B.F.  Brown,  “A  New  Stross-Corrosion  ('racking  Test  for  High  Strength  Alloys,”  Mate- 
rials Research  and  Standards,  6 (No.  3),  129-133  (1966). 

2.  S.R.  Novak  and  S.T.  Rolfe,  “Modified  WOL  Specimen  for  Environmental  Test- 

ing,” US  Steel  Applied  Research  Laboratory,  Report  89.018-026(1),  May  31,  1968. 

3.  H.R.  Smith,  D.Fi.  Ihper  and  F.K.  Downey,  “A  Study  of  Stre.ss-Corrosion  C’racking  by 
Wedge-Force  Loading,”  Engineering  Fracture  Mechanics  1,  123  (1968). 

4.  R.W.  Judy,  Jr.,  and  R.J.  Goode,  “Stress-C'orrosion  Cracking  of  High  Strength  Steels 
and  Titanium  Alloys,”  Welding  Journal  51  (No.  9),  437s-448s  (Sept.  1972). 

5.  R.W.  Judy,  Jr.  and  R.J.  Goode,  “Stress-Corrosion  Oacking  Characterization  Procedures 
and  Interpretation  to  Failure  Safe  Use  of  Titanium  Alloys,”  Transactions  of  the  ASME, 
Jo.  Basic  Engineering  91D,  614  (Dec.  1969). 

6.  R.W.  Judy,  Jr.  and  R.J.  Goode,  “Failure-Safe  Design  with  Hi"h  Strength  Steels  for 
Salt  WatcT  Applications,”  Materials  Protection  and  Performance,  Vol.  9 (No.  8), 
pp.  23-29,  August  1970. 

7.  R.W.  Judy,  Jr.  and  R.J.  Goode,  “Prevention  and  Control  of  Subcritical  Crack  Growth 
in  High-Strength  Metals,”  NRL  Report  7780,  August  2,  1974. 


7 


